The energy and exergy analyses of an existing steel Electric Arc Furnace (EAF) are performed to estimate the potential for increasing the furnace efficiency. To obtain realistic results, the effect of air infiltration into the furnace was taken into account. The results of the analyses revealed that the energy and exergy efficiencies of the furnace are low and should be increased. The main sources of energy waste are stack gases followed by heat transfer to the cooling water, while the main sources of exergy destruction are combustion and heat transfer. Hot stack gases contain 18.3% and 12.2% of the total input energy and exergy, respectively. Increasing the air infiltration reduces the energy and exergy efficiencies of the EAF. By using the energy of flue gas to preheat the sponge iron, the electrical energy consumption of the furnace can be reduced by 89 GJ, dictating a 21.4% reduction in electrical energy consumption and a 13.6% increase in steel production.
Introduction
The iron and steel industries are the largest industrial energy consumers. According to Camdali et al. (2005) , approximately 12% of world energy production is used in the iron and steel sectors. Bisio et al. (2000) reported that after employee costs, energy costs represent the highest cost element in integrated steel works (about 30% of the total cost). The share of Electric Arc Furnace (EAF) technology in the iron and steel industry is increasing rapidly and was associated with at least 50% of the total steel production in 2010, based on the prediction of Raja et al. (2000) .
There have been many investigations regarding the energy analysis of EAFs. Most recently, Kirschen et al. (2009) presented energy balances for 70 modern EAFs and found that the total energy requirements of these EAFs ranged from 510 to 880 kWh/ton, with energy efficiencies between 40% and 75%. They reported that a decrease in energy losses to off-gassing systems and cooling systems will increase energy efficiency and thereby decrease CO2 emissions. Fruehan et al. (2000) showed that the energy used to produce liquid steel by EAF facilities is significantly higher than the theoretical minimum energy requirements. They also indicated the potential for practical reductions in the EAF energy requirements by about 24-33%. Hajidavalloo and Alagheband (2008) investigated the effect of sponge iron preheating on the efficiency of electric arc furnaces. They proposed that, by using a neutral gas such as nitrogen as the working fluid, some portion of the exit flue gas can be saved and returned to the furnace.
Contrary to the energy analysis, there has not been much work to address the exergy analysis of EAFs. In the exergy analysis, the first and second laws of thermodynamics are used to evaluate the potential improvement in the performance of a thermal system. Summaries of the evolution of exergy analysis throughout the late 1980s are provided by Kotas (1985) , Moran and Sciubba (1994) , Bejan et al. (1996) , Rosen (1999) , and Dincer (2002) . In recent years, many researchers have used exergy analysis for industrial processes. studied the exergy analysis of an EAF and concluded that its exergy efficiency is about 55%. They also computed the chemical exergy of the different input and output materials of the EAF. Bisio et al. (2000) studied the effects of design parameters on the performance of the EAF. Based on their research, the exergy efficiency of the furnace is about 55% if a heat recovery scheme is used but, otherwise the exergy efficiency is around 52%. Ostrovski and Zhang (2005) studied the energy and exergy efficiencies of the blast iron making process and found that the overall efficiency strongly depends on the utilisation of off-gas. The efficiency of a natural gasfired aluminum melting furnace in a die-casting plant was examined by Rosen and Lee (2009) using energy and exergy methods. They found that the overall-system efficiency was 10% for energy and 6% for exergy. Coskun et al. (2009) proposed a new approach for simplifying the calculation of flue gas specific heat and specific exergy value in one formulation depending on fuel chemical composition.
As seen, there are not many reports on the exergy analysis of EAFs in the literature. Moreover, those who have discussed the subject made simplifying assumptions that are not realistic to the best knowledge of the authors. For example, the effect of air infiltration in the EAF was neglected in previous researches , even though it has important effects on the energy and exergy balance of the furnace. In this study, energy and exergy analyses of the EAF were performed while considering the effect of air infiltration into the furnace.
System description
In electric arc furnaces, high voltage is applied to electrodes to create an electric arc between a metal charge and the electrodes. Heat is generated by the electrical resistance of the metal charge against passing the electric current. Production of liquid steel in an electric arc furnace can be defined with the following order:
 Charging with scrap and sponge iron  Melting the charge material  Superheating the melt
 Discharging
The production of high-quality steel is the result of using proper materials with good compositions that produced the following chemical reaction in the EAF :
where brackets and parentheses are used for materials in solid and liquid phase, respectively.
Analysis
Exergy analysis is a useful tool in furthering a more efficient use of energy-resources, because it enables the locations, types, and magnitudes of wastes and losses to be accurately identified and meaningful efficiencies to be determined (Dincer and Rosen, 2007) . In the exergy analysis, a complete equilibrium of the system with its environment is considered, including the chemical and thermal equilibriums. The exergy balance can be expressed in different forms, depending on the inlet and outlet conditions. For an open system in a steady state which is in contact with n heat sources, as well as multiple inlets and outlets, and has a net input work equal to W, the exergy balance over a specific time period can be expressed as follows:
where Ex W is the work exergy (MJ), Q i is the heat loss (MJ), Ex I is the internal exergy destruction (MJ), and ex is the inlet or outlet exergy (MJ/kg). The specific time period is usually considered to be the batch time of the furnace. The temperature and pressure in a reference state, T 0 and P 0 , are taken as 25°C and 100 kPa, respectively. Figure 1 shows a general system with all the exergy components. 
Thermo-mechanical exergy includes kinetic, potential and physical exergies that can be represented as follows:
The physical exergy of the flow is calculated from the following relation:
The kinetic and potential energies of a material stream are ordered forms of energy, so these are fully convertible to work and can be defined as follows:
Since the changes in the potential and the kinetic exergies are negligible, so they are not taking into account in the calculations. Chemical exergy is equal to the maximum amount of work obtainable when the substance under consideration is brought from the environmental state to dead state by processes involving heat transfer and exchange of substance only with environment (Kotas, 1985) The standard chemical molar exergy of the fuel constituents ( ch ex ) can be found in thermodynamic tables (Moran and Shapiro, 2000) . The molar chemical exergy of a gas mixture is obtained from the following relation (Moran and Shapiro, 2000) :
where y i is the molar ratio of the i-th gas constituent.
Exergy balance of electric arc furnace
An actual AC EAF, working at the Khouzestan Steel Company in Iran, was considered for this study in order to obtain realistic data. Figure 2 shows a schematic diagram of the EAF based on the exergy balance terms. The following assumptions are made during the exergy analysis:
 The heating process in the furnace occurs in a steady state.
 This steady process can be integrated over a specific time period (e.g. the batch time period of the EAF, which is about 110 min.)
 Stack gases can be treated as ideal gases.
Hence, the exergy balance equation for the EAF can be expressed as follows:
where Ex TI is the total irreversibility including the internal and external parts. In addition, the inlet and outlet exergies of the materials are expressed as follows: 
The effect of differences between the ambient and the inlet and the outlet pressure is usually negligible, so the enthalpy and entropy changes of materials can be calculated as follows:
The coefficients (a, b and c) used in equation (13) can be found in thermo-chemistry tables (Kubaschewski et al., 1989) .
Owing to the presence of induced draft fan (ID fan) at the end of the exhaust duct, ambient air is generally drawn into the furnace through the opening in the external surface of the furnace. This opening is used to discharge slag from the EAF. In most investigations ) the effect of air infiltration has not been taken into account by the energy and exergy analyses of the EAF. Since the rate of air infiltration in the furnace is not negligible, its effects on the energy and exergy analyses are significant and must be considered. The first-law efficiency of EAF can be defined as the ratio between the energy in the liquid steel output to the energy input, which is mostly electrical energy. This can be expressed as follow:
Exergy efficiency is defined as the ratio of the recovered exergy to the supplied exergy (Cengel and Boles, 1994) . Accordingly, the exergy efficiency of the EAF is the ratio between the recovered exergy of the liquid steel output and the mostly electrical exergy input. This can be expressed as follows: 
Results and discussion
The energy and exergy balances of the EAF can now be calculated on the basis of the data available in the plant. Most investigations have not considered the effect of air infiltration in the energy and exergy analyses. This neglect is not accurate, because air is drawn into the furnace through the external opening and thus affects the thermal balance of the system (Fruehan et al. 2000) . To quantify the effect, the analysis was performed with and without air infiltration. Tables 1 and 2 show the chemical components of input and output materials without air infiltration. Also, the physical exergies of all input and output materials are listed in Tables 3 and 4 , respectively. The chemical exergies of the input and output materials are listed in Tables 5 and 4 , respectively. Because the masses and temperatures of the input and output materials are fixed, the difference between chemical exergy input and output is constant and is defined for simplicity as follows: Note: This value is calculating by using equation (7). Table 7 lists the energy balance of the different components in the EAF. Clearly, the electrical energy contributes the highest percentage of the input section, while liquid steel followed by heat loss contributes the highest percentages of the output section. In this table, heat loss was calculated by applying the first law (energy balance) to the energy input and output of the EAF. Using data in Tables 7 and 8 , the energy and exergy efficiencies of EAF without air infiltration were calculated as η=43.9% and φ=32.5%. In this case the major sources of energy losses are heat transfer to the environment and the cooling water. The energy loss by stack gas is around 4.87% of total energy output and the exergy loss is around 3.42% of total exergy output which are relatively lower than other sources. The major sources of exergy destruction are chemical reactions and heat transfer.
Energy and exergy analyses of EAF without air infiltration

Energy and exergy analyses of EAF with air infiltration
As mentioned above, it is necessary to consider air infiltration into the EAF to obtain more realistic results. The air that infiltrates the EAF increases the heat loss through convection; therefore, more electrical energy is required to melt the iron. Furnace design data shows that the total mass flow rate of hot flue gas from the furnace is about 10.4 kg/s on average. In the case of EAF without air infiltration, mass balance of input and output materials (Tables 4 and 6) show that the mass flow rate of hot flue gas is 4.0 kg/s which represents the mass flow rate due to only combustion products. The difference between total mass flow rate of hot flue gas (10.4 kg/s) and 4.0 kg/s represents air infiltration mass flow rate which is 6.4 kg/s. Therefore, neglecting the effect of air infiltration in the analysis is not acceptable. Total mass balance of EAF with considering air infiltration is shown in Table 9 . Also, Tables 10 and 11 list the total energy and exergy balances of the EAF considering the effects of air infiltration. Obviously, the electrical energy required is considerably increased. The output energy and exergy shares of hot stack gas also increase considerably to reach 18.3% and 12.2%, respectively. These values match the previous data published in the literature (Bisio, 1993) .
Using the data in Tables 10 and 11 , the energy and exergy efficiencies of EAF with air infiltration were calculated as η=41.7% and φ=30.8%. A comparison of these efficiencies with the values above shows that the energy and exergy efficiencies are reduced by air infiltration into the furnace, which thus indicates its negative effect on the system. These reduced efficiencies are due to a requirement for more electrical energy to heat the additional air that infiltrates the control volume and increases the energy waste at the exhaust duct. Figure 5 shows the effects of various air infiltration rates on the EAF efficiencies. As the mass flow rate of the air infiltration increases, the energy and exergy efficiencies of the furnace are reduced. For example, by a 50% reduction of the air infiltration, about 2.7% of electrical energy input can be saved. Air infiltration can be reduced by better sealing of the openings in the furnace. 
Increasing the energy and exergy efficiencies of the EAF
Melting iron by EAF is a highly energy-consuming process in which the temperature of sponge iron and other input materials is increased from the ambient value to 1600°C. Since electrical energy is the most expensive form of energy used in the EAF, lowering its consumption is a major concern in these industries.
In the conventional EAF design, the hot stack gas passes through a series of watercooled and air-cooled ducts to reach the radiant cooler and is finally exhausted to the atmosphere by an ID fan. The flue gas is a rich source of thermal energy, because its high mass flow rate and high temperature. This could be used for sponge iron preheating, which in turn would reduce the electrical energy consumption in the furnace.
Sponge iron preheating
The furnace stack gas cannot be directly used to preheat the sponge iron because of particle re-oxidation. Therefore, an intermediate gas must be used in the preheating process. Nitrogen is a fine candidate for this purpose because it does not react with sponge iron particles and is a readily available by-product of other processes in steel making plants (Hajidavalloo and Alagheband, 2008) .
It is possible to place a heat exchanger in the exhaust duct of the furnace in which nitrogen absorb heat from the hot flue gas. The heated nitrogen would then enter the silo to preheat the sponge iron particles. Then, nitrogen could be recirculated to avoid its consumption. Figure 6 shows the schematics of the design for an actual EAF. The specification and performance of the heat exchanger are not a major concern in this paper but were discussed before (Hajidavalloo and Alagheband, 2008) . 
Effect of sponge iron preheating on energy and exergy analysis
As mentioned above, to increase the energy and exergy efficiencies of the system, the heat lost through stack gas can be recovered for preheating the sponge iron particles. In order to consider the effect of the preheating scheme on the efficiencies, the control volume is extended to include the elbow and exhaust duct as well as the EAF itself. This means that the cooling water for the elbow and duct is considered in the energy and exergy calculations. Table 12 lists the total exergy balance of the EAF with the newly extended control volume and sponge iron preheating to 793 K. Considering all other variables almost constant, the electrical energy required is considerably reduced. The exergy efficiency of the EAF is increased to 36.8% from 30.8% and its energy efficiency is increased to 46.7% from 41.7%. Evidently, the preheating scheme improves the energy and exergy efficiencies considerably. Figure 8 shows the effect of sponge iron preheating on the energy and exergy efficiencies of the EAF. As the sponge iron preheating temperature increases, the energy and exergy efficiencies increase. Apart from the energy and exergy improvements, the major benefit of the sponge iron preheating scheme is the accelerated production rate of the furnace due to a shorter tapto-tap time which is the time between input and output materials. There are different estimations on the amount of time reduction in the melting process for a given increase in the charge temperature, because it is highly plant dependent and many local parameters should be taken into account to precisely predict the time reduction, as reported by Baily (2001) . If it is assumed that tap-to-tap time reduction for every 100°C increase in charging material temperature is around 3 min., then for 500°C increase in charging temperature due to the preheating, tap-to-tap time reduction would be around 15 minutes. Since overall tap-to-tap time for each melting is around 110 min., then melting time reduction would be around 13.6%, which means steel production may be increased around 13.6%. The production rate would be further increased if inlet gas temperature were increased.
Conclusions
Energy and exergy analyses were performed to evaluate the performance of an electric arc furnace. Energy and exergy shares of different input and output materials in the steelmaking process of the EAF were specified. It was found that combustion and heat transfer are two major sources of irreversibility in the EAF. Considering air infiltration into the EAF has a significance effect on the calculated energy and exergy efficiencies. The infiltration considerably reduces both the energy and the exergy efficiency. The study has shown that vast amounts of energy and exergy are wasted in the EAF industry which can be recovered by the application of a preheating scheme. The output hot flue gas contains 18.3% and 12.2% of the total energy and exergy inputs, respectively. Preheating the sponge iron particles by using waste heat from flue gas could decrease energy consumption and increase productivity. By adopting the preheating scheme, the energy and exergy efficiencies could increase by 5.0% and 6.0%, respectively. 
